1. Introduction {#sec1}
===============

Batteries are becoming increasingly important in modern society by enabling mobile electronic applications, such as smart-phones, laptops, and electric cars. For transport applications batteries are the most sustainable alternative for replacing fossil fuels,^[@ref1]^ but there are concerns whether the safety and energy density of current battery technology is sufficient. All-solid-state batteries (ASSBs) are expected to overcome these concerns^[@ref2],[@ref3]^ and even promise to have higher energy densities on the cell level, lower self-discharge rates, and significantly improved safety.

For many years the low ionic conductivity of solid state electrolytes was the main concern for the development of ASSBs, but in recent years many solid state electrolytes with ionic conductivities comparable to those of liquid electrolytes have been discovered.^[@ref2]^ Although the ionic conductivity of solid state electrolytes is comparable to their liquid counterparts nowadays, ASSBs typically show low capacities at high (dis)charge rates,^[@ref4],[@ref5]^ which is attributed to the electrode--electrolyte interface. Possible causes for the poor ionic diffusion over the electrode--electrolyte interface are suggested to be^[@ref6]^ a small effective contact area for charge transfer, poorly conducting interphases caused by chemical and electrochemical decomposition, and space-charge effects, which change the conductivity by redistributing the ions near the interface. Ways of increasing the contact area and its effects are being investigated,^[@ref4],[@ref7],[@ref8]^ and research toward thermodynamic (in)stabilities has resulted in better understanding.^[@ref8]−[@ref11]^ In comparison, relatively little is known about space-charge effects, and as a consequence the importance of space-charge layers in ASSBs remains unclear.

Space-charge layers in ASSBs have been suggested to be several micrometers in thickness,^[@ref12],[@ref13]^ which would cause a large interface resistance. Recent NMR results on Li-ion kinetics show interface resistances of only a few Ω cm^2^ over pristine electrode--electrolyte interfaces,^[@ref4]^ and in thin film batteries interface resistances below 10 Ω cm^2^ have been reported.^[@ref14]^ Both of which seem incompatible with reports on micrometer thick space-charge layers. Reports indicating that the thickness of the space-charge layer is on the nanometer scale^[@ref15],[@ref16]^ seem more compatible with these results, since such a thickness is unlikely to lead to an interface resistance that has a noticeable effect on the performance of ASSBs.

Furthermore, it is being debated if space-charge layers play a role in the beneficial effects of coatings at the electrode-solid electrolyte interface.^[@ref16]−[@ref18]^ Some authors claim that coating layers reduce the space-charge effect at the interface because of a higher permittivity (dielectric constant) of the material used for the coating.^[@ref16],[@ref19]−[@ref21]^ This is expected to lead to thinner space-charge layers at the electrode-solid electrolyte interface, thus decreasing the interface resistance. Other authors suggest that coatings increase ASSB performance by preventing decomposition of the electrode and electrolyte at the interface. In this case the coating allows Li-ion diffusion, but blocks the diffusion of other atomic species over the interface, thus preventing chemical reactions between the electrode and the solid electrolyte.^[@ref22]−[@ref24]^

Since several effects simultaneously play a role at the electrode--electrolyte interface, experimental studies on space-charge effects are challenging. Modeling the space-charge layer is, therefore, an important approach to gain a better understanding of its effects, and models to calculate the lithium concentrations and potentials in solid electrolytes have been developed.^[@ref25],[@ref26]^ These models indicate that the space-charge layer is about a nanometer in thickness and that the Li-concentration near the interface can change by 100% in comparison to the bulk concentration. However, these models neglect the Coulomb interactions between charged Li-defects, which are created in the space-charge layer when the Li-ions migrate toward the material with the higher voltage. In AgI, the interaction energy between defects is reported to be 0.68 eV,^[@ref27]^ which represents a significant contribution to the total energy of the material at high defect concentrations. It has been reported that the Coulomb interaction starts to have an impact at a defect concentration of 0.1% already,^[@ref28]^ and the validity of the previous models should therefore be evaluated to comprehend the impact of space-charge layers in all-solid-state batteries.

In the next section, a model for space-charges is presented, which takes the Coulomb interaction between defects into account. The model is used to predict the space-charge at the interface of LCO and graphite electrodes in contact with an LLZO and LATP solid electrolyte at several voltages. Because space-charges are driven by the voltage difference between two materials, which changes during cycling, the space-charges are also determined at different electrode voltages. Using the model the thickness of the space-charge layer at the electrode--electrolyte interfaces is determined, and in addition how much interface resistance this causes. Knowledge of the interface resistance triggered by the space-charge layers provides valuable understanding of its contribution to the internal resistance of ASSBs.

The model is available as [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01141/suppl_file/ae8b01141_si_001.zip) in the form of Matlab-code in combination with a short manual. Interested readers can apply the model to the combination of materials they are interested in, provided that the material properties required for the model are known.

2. Space-Charges {#sec2}
================

Space-charges have been studied for many years and in numerous materials. They can have beneficial effects, such as increased ionic diffusion in solid--solid dispersions^[@ref29]−[@ref32]^ and in SEI-layers of liquid electrolytes.^[@ref33]^ But space-charge layers have also been suggested to have detrimental effects on battery performance by increasing the resistance.^[@ref16],[@ref17],[@ref34],[@ref35]^

A space-charge layer is formed when two materials with different chemical potentials are brought in contact with each other, and the atoms or electrons are unable to migrate to establish local charge neutrality. Near the interface the atoms and electrons are driven toward the material with the lowest chemical potential (highest voltage). But if only one charged species, either electrons or ions, is able to migrate this will create a region in which charge builds up, the so-called space-charge layer.

The insulating nature of solid electrolytes means that the electrons are (practically) unable to conduct, so the amount of electrons transferring over the interface will be negligible. On the other hand, the ionic conduction is several orders of magnitude higher in the solid electrolyte. The potential difference, of several volts, between the electrolyte and electrode will thus drive the mobile ions near the electrolyte-electrode interface toward the material with the lowest chemical potential. This process stops when equilibrium is reached, meaning that the electrochemical potential is constant, which implicates that the attractive chemical potential is balanced by the repulsive electric field build up by accumulation of charge.

The thickness of the space-charge layer and the deviation of the ion concentration from the bulk equilibrium concentration is determined by the properties of the materials which are in contact, including the electric permittivity, ion concentration, and the potential difference between the materials. For a thorough thermodynamic description of the space-charge effect, we refer the reader to the work of Maier and co-workers.^[@ref36]−[@ref38]^

Whether the space-charge layer is beneficial or detrimental for ionic conductivity depends on the diffusion mechanism in the solid electrolyte. When Li-vacancies increase the Li-conductivity the space-charge layer is beneficial for Li-conduction over the cathode-solid electrolyte interface,^[@ref31]^ although the magnitude of the effect depends on the cathode material and the cathode voltage. Detrimental effects of space-charges are observed when an increase in Li-vacancies reduces the Li-conduction in the solid electrolyte.^[@ref35]^ Note that space-charges occur under open-circuit conditions, i.e. there is no charge transfer between the anode and cathode. The formation of the space-charge layer thus starts at the moment an electrode and solid electrolyte make contact with each other.

2.1. Electrochemical Potential {#sec2.1}
------------------------------

To describe the behavior of ions in a battery material the electrochemical potential (μ̅) is used, which consists of the chemical potential (μ) and the electric potential (φ)^[@ref39]^where *z* is the ionic charge and *e* the elementary charge. In equilibrium the electrochemical potential throughout the material is constant^[@ref37],[@ref39]^where *x* is the distance from the interface. Combining [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} can link the change in electric potential to the change in the chemical potentialSince the chemical potential depends on the ion concentration, this equation makes it possible to determine the ion concentration as a function of the electric potential.

2.2. Chemical Potential {#sec2.2}
-----------------------

To describe the chemical potential the solid solution model is used at present, similar to previous models of solid electrolytes^[@ref25],[@ref26]^ and electrodes.^[@ref40]^ The Coulomb interactions between charged defects are taken account for as proposed by Maier and co-workers,^[@ref28],[@ref41]^ which is required in particular at high defect concentrations. This results in the following relation between the chemical potential and the ion concentration^[@ref27]^where *c̃* is the normalized ion concentration (*c*/**c**~max~), *c̃*~0~ is the normalized bulk ion concentration (*c*~0~/**c**~max~), and *c̃*~d~ is the normalized ionic defect concentration (negative values for vacancies, positive values for interstitials), Ω is the solid solution parameter, *J* is the strength of the Coulomb interaction between defects, *k* is Boltzmann's constant, and *T* is the temperature in Kelvin.

The strength of the Coulomb interaction can be estimated by the Madelung constants and Madelung energy of a material.^[@ref27]^ Unfortunately, for many materials, the Madelung constants and energies are not reported in the literature. However, it has been shown that the Madelung constant of a material is closely related to its voltage.^[@ref42],[@ref43]^ Therefore, the Madelung constants are replaced by the voltages of the material phases, which are filled with ions (*V*~f~) and emptied of ions (*V*~e~). The interaction energy between defects is then obtained using^[@ref27]^where *E*~M~ is the Madelung energy per Li-equivalent of the structure and ε is the relative permittivity of the material.

2.3. Potential Drop {#sec2.3}
-------------------

To determine the concentration profile near the surface and the thickness of the interface layer the potential as a function of the distance must be determined, which requires solving the Poisson equation. Since the electric potential is linked to the chemical potential and ion concentration via [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}, the electric potential can be calculated at different ion concentrations (*c~i~*). By doing this for a range of concentrations the change in distance (Δ*x*) from the bulk with changing concentration can be determined numerically^[@ref44]^where *c*~*i*~ is the total ion concentration (*c*~0~ + *c*~d~) at step *i*, Δ*c* the concentration difference between step *i* and *i* -- 1, and *E~i~* the electric field at step *i*. The electric field *E~i~* is calculated by^[@ref44]^Summation over [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} results in the concentration (and electric potential) as a function of distance from the bulk. In combination with the boundary conditions presented in the next section this enables determination of the thickness of the space-charge layer at the electrode-solid electrolyte interface.

2.4. Boundary Conditions {#sec2.4}
------------------------

To determine what happens when two materials are in contact specific boundary conditions are applied. The first boundary condition is that the created space-charge layer must obey the law of mass conservation. Hence, the number of ions entering one material must be equal to the number of ions that leave the other materialwhere *c*~d~^lyte^ is the defect concentration in the electrolyte and *c*~d~^trode^ is the defect concentration in the electrode (*c*~d~ has a negative value for vacancies and a positive value for interstitials).

Furthermore, the total voltage difference over the interface region must be equal to the voltage difference between the bulk phases of the two materials. This provides the second boundary condition, which states that the total voltage difference over the interface (Δ**V**~tot~) must be equal to the combined potential change in the interface region of the electrode (Δ*V*~trode~) and electrolyte (Δ*V*~lyte~)Using the equations and boundary conditions described a 1D-model of the space-charge layer is obtained, under the assumptions that only the ions are mobile, the two materials are chemically stable toward each other, and the presence of a perfect interface contact.

2.5. Space-Charge Resistance and Capacitance {#sec2.5}
--------------------------------------------

To determine the effect of the space-charge layer on the performance of ASSBs the resistance and capacitance of the space-charge layer are calculated. The capacitance (*C*) is determined by the number of Li-ions transferred toward the high voltage side divided by the change in voltage of these Li-ionsTo determine the resistance caused by the space-charge layer the large changes in Li-concentration must be taken into account, since this leads to large changes in the lithium diffusivity.^[@ref45],[@ref46]^ In LCO^[@ref46]^ the Li-diffusivity (*D*) shows a minimum at a fractional Li-concentration (*c̃*) of 0.5, the concentration dependence is thus approximated bywhere *D*\* is the tracer diffusivity and **D**~min~ is the minimal diffusivity, which is introduced to avoid infinitely small values near *c̃* = 0.5.

The Li-diffusivity in graphite^[@ref45]^ shows two minima, around and , the concentration dependence is thus approximated byFor the solid electrolytes, the concentration dependence of the lithium diffusivity is not reported over a wide concentration range in literature, but a reasonable assumption is that a 50% site-occupancy displays the highest lithium diffusivity.^[@ref47]^ Therefore, the lattice diffusion,^[@ref40]^ showing a maximum diffusivity at *c̃* = 0.5, is applied for the solid electrolytesThe conductivity (σ) of a material can then be calculated using the Nernst--Einstein relationwhere *c* is the total Li-concentration. The conductivity in the space-charge layer changes with concentration, so the resistance in the space-charge layer (*R*~sc~) is obtained bywhere *l* is the distance through which diffusion occurs, *A* the surface area, and σ(*x*) the conductivity at *x*. To determine the effect of the space-charge layer the resistance which would be caused by the same diffusion distance in the bulk material (*R*~bulk~) is subtracted from the resistance in the space-charge layer (*R*~sc~), resulting in the additional resistance (*R*) in the all-solid-state battery caused by the space-charge layer

3. Results {#sec3}
==========

Using the model described in the previous section the space-charge layers occurring at the interfaces of a high voltage LiCoO~2~ electrode (LCO) and a low voltage graphite electrode in contact with the solid electrolytes Li~7~La~3~Zr~2~O~12~ (LLZO) and Li~1.2~Al~0.2~Ti~1.8~(PO~4~)~3~ (LATP) are calculated. The material properties used for the simulations are provided in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, for all the calculations a temperature of 300 K was used.

###### Material Properties Used in the Space-Charge Model

  property                LCO                                             graphite                  LATP                                   LLZO
  ----------------------- ----------------------------------------------- ------------------------- -------------------------------------- ------------------------------------------------
  **c**~max~ (Li/nm^3^)   31.6^[@ref48]^                                  16.93^[@ref48]^           13.06^[@ref49]^                        54.97^[@ref50]^
  *c*~0~ (Li/nm^3^)       variable                                        variable                  5.37^[@ref49]^                         25.65^[@ref50]^
  voltage (vs Li/Li^+^)   3.8--4.4^[@ref51]^                              0.1--0.2^[@ref40]^        2.5^[@ref52]^                          2.85^[@ref53]^
  ε (relative to ε~0~)    12.9^[@ref54]^                                  11^[@ref55]^              15^[@ref56]^                           60^[@ref57],[@ref58]^
  Ω (eV)                  0.026^[@ref59]^                                 0.088^[@ref40]^           0.0                                    0.0
  *E*~M~ (eV/Li)          7.0[a](#t1fn1){ref-type="table-fn"}^[@ref60]^   4.5^[@ref61]^             10.6[b](#t1fn2){ref-type="table-fn"}   10.6[a](#t1fn1){ref-type="table-fn"}^[@ref62]^
  *D*\* (cm^2^/s)         2 × 10^--10^ ^[@ref46]^                         1 × 10^--8^ ^[@ref45]^    3 × 10^--9^ ^[@ref63]^                 4 × 10^--9^ ^[@ref26]^
  **D**~min~ (cm^2^/s)    1 × 10^--12^ ^[@ref46]^                         1 × 10^--11^ ^[@ref45]^                                           

Formation enthalpy instead of Madelung energy.

Formation enthalpy of LLZO (see text).

The voltage of LLZO has been determined by measuring the open circuit potential of an LLZO electrode versus lithium metal.^[@ref53]^ To determine the Coulomb interaction in [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} for the solid electrolytes, it was assumed that *V*~e~ = *V*~f~. A value of 0.0 was chosen for the Ω-parameter based on a previous model for solid electrolytes.^[@ref26]^ To determine the Coulomb interaction between defects the Madelung energy is required, but in literature the Madelung energy is only reported for lithiated graphite. For LCO and LLZO, the formation enthalpy is used as an approximation to the Madelung energy, which appears to be a reasonable approximation since the Madelung energy is the largest contributor to the formation enthalpy in ionic crystals.^[@ref43],[@ref64]^ In the case of LATP, the Madelung energy and the formation enthalpy are unavailable, and therefore, the formation enthalpy of LLZO was used as an approximation, making it possible to compare the effects of the other material properties of the two solid electrolytes.

With the parameters shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} the Coulomb interaction between defects (*J*) results in 0.84, 1.09, 0.94, and 0.24 eV for LCO, graphite, LATP and LLZO, respectively.

3.1. Interfaces of Cathode and Solid-Electrolyte Materials {#sec3.1}
----------------------------------------------------------

At the positive electrode lithium ions near the interface of the cathode and electrolyte material are driven toward the cathode material by its larger voltage (lower chemical potential), thus reducing the lithium concentration in the solid electrolyte. At higher applied voltages during charging the driving force for Li-ions to move from the solid electrolyte to the cathode material increases, and the declining Li-concentration upon charging will facilitate accommodation of the extra Li-ions in the cathode material.

For the LCO-LLZO interface this increases the spatial extend of the space-charge layer with increasing potential of the LCO, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. At an LCO potential of 3.9 V, the space-charge region is approximately 0.25 nm wide, but at 4.3 V the space-charge region has almost doubled in thickness. The effect on the Li-concentration at the LLZO interface is even more dramatic, at 3.9 V the Li-concentration drops by 35%, while at 4.3 V it decreases by more as 95%.

![Lithium concentration at the LLZO-LCO interface at different voltages (vs Li/Li^+^) of LCO: blue = 4.3 V (Li~0.5~CoO~2~), green = 4.0 V (Li~0.7~CoO~2~), red = 3.9 V (Li~0.9~CoO~2~). Where the lines end, the bulk lithium concentration is reached.](ae-2018-01141g_0001){#fig1}

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the effect of space-charges on the Li-concentration are significantly smaller at the LCO-LATP interface. Although with a thickness of 0.3--0.5 nm the size of the space-charge region is comparable to that at the LCO-LLZO interface, the amount of Li-ions inserted in the LCO is much smaller. The smaller change in Li-concentration in LCO at the LATP interface compared to LCO at the interface of LLZO is caused by the stronger Coulomb interaction between defects in LATP, a consequence of the lower relative permittivity of LATP. This makes it energetically more expensive to remove lithium-ions from LATP, and therefore less lithium ions migrate toward the LCO to compensate for the difference in chemical potential. Although less Li-ions move over the LCO-LATP interface, the lower bulk Li-concentration in LATP means that a larger percentage of Li-ions is removed, over 60% at 3.9 V and 100% at 4.3 V.

![Lithium concentration at the LATP-LCO interface at different voltages of LCO: blue = 4.3 V (Li~0.5~CoO~2~), green = 4.0 V (Li~0.7~CoO~2~), red = 3.9 V (Li~0.9~CoO~2~). Where the lines end the bulk lithium concentration is reached.](ae-2018-01141g_0002){#fig2}

The differences in capacitance of the LCO-LLZO and LCO-LATP interfaces shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} reflect the differences in migrated Li-ions. With increasing voltage more Li-ions move into the LCO, thus increasing the capacitance of the space-charge layer. At the LCO-LATP interface this leads to a capacitance of 4--11 μF/cm^2^, while the capacitance at the LLZO interface is between 12 and 49 μF/cm^2^. The calculated capacitances at the interfaces of the LCO and solid electrolytes are comparable to the capacitance reported at the interface of LCO in contact with a liquid electrolyte.^[@ref65]^ Landstorfer et al. have calculated a capacitance of 370.81 μF/cm^2^ at the interface of LLZO with an unspecified cathode material, which is significantly larger compared to the results presented here. This large value can be explained by the fact that the Coulomb interaction was not taken into account and a larger maximum Li-concentration in LLZO was assumed, which both contribute to a higher capacitance.

###### Space-Charge Layer Capacitance and Resistance at the LCO-Solid Electrolyte Interfaces

          LATP   LLZO               
  ------- ------ ------------- ---- ---------------
  4.3 V   11     17            49   3 × 10^--3^
  4.0 V   8      2 × 10^--2^   29   --2 × 10^--4^
  3.9 V   4      5 × 10^--4^   12   --3 × 10^--5^

On the basis of the present model, an increasing potential leads to a rising Li-conductivity in LCO because of an increased Li-concentration and an increased Li-diffusivity. In both solid electrolytes the Li-conductivity decreases, because of a lower Li-concentration and a decreasing Li-diffusivity. At the LCO--LLZO interface, the increase in Li-conductivity through LCO is larger than the decrease in Li-conductivity through the LLZO at 3.9 and 4.0 V, and consequentially the space-charge layer decreases the resistance for Li-ion transport over the interface. When increasing the LCO voltage to 4.3 V the LLZO becomes almost depleted of Li-ions, which leads to an increased resistance over the interface, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

At the LCO--LATP interface, the removal of Li-ions from LATP causes larger problems, reflected in the orders of magnitude rise in interface resistance upon increasing the voltage. At 3.9 V the resistance is small, but at 4.0 V the Li-concentration drops significantly, raising the resistance by 2 orders of magnitude. At 4.3 V a Li-depleted layer of 1 Å is formed, in which the Li-conductivity is negligible, and as a result a further increase in the space-charge resistance is observed. However, the resistance of 17 Ω cm^2^ reported in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} is doubtful, because it quadratically depends on the lower limit of the Li-concentration allowed in the model via [eqs [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"} and [14](#eq14){ref-type="disp-formula"}, which is (arbitrarily) set at 0.015 Li/nm^3^. \[Defining a lower limit for the Li-concentration is necessary because a Li-concentration of zero would cause the resistance to reach an infinite value, which seems unrealistic over distances below a few Ångströms.\] Currently, it is unknown which value is realistic for the lower limit for the Li-concentration in LATP, and it could be that a value of 0.15 Li/nm^3^ is a more realistic limit, which would reduce the space-charge resistance to 0.3 Ω cm^2^, but determining the lower limit of the Li-concentration will require a thorough experimental investigation. In addition, the depletion of Li-ions at the interface may induce local structural changes that have additional consequences on the resistance, not taken into account here.

However, this example does show an advantage of solid electrolytes with high Li-ion concentration, such as LLZO. Although more Li-ions are removed from LLZO than from LATP, the high Li-concentration prevents the formation of a layer depleted of Li-ions, thus leading to a smaller interface resistance due to the space-charge layer.

3.2. Interfaces of Anode and Solid-Electrolyte Materials {#sec3.2}
--------------------------------------------------------

At the negative electrode Li-ions near the interface of the electrolyte and the anode material are driven toward the higher Li-voltage (lower chemical potential) of the solid electrolyte. When graphite is in contact with LLZO this leads to a space-charge region in graphite where lithium is completely depleted, while there is a significant increase of Li-ions in the LLZO, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Lithium concentration at the LLZO-graphite interface at different voltages for graphite: blue = 0.1 V (Li~0.9~C~6~), green = 0.15 V (Li~0.5~C~6~), and red = 0.2 V (Li~0.1~C~6~). Where the lines end, the bulk lithium concentration is reached.](ae-2018-01141g_0003){#fig3}

The thickness of the space-charge layer strongly depends on the voltage applied to the graphite, being approximately 0.4 nm at 0.1 V, increasing to approximately 1 nm. when graphite is at 0.2 V. Even though less Li-ions transfer toward the LLZO at 0.2 V as compared to 0.1 V, a more extensive space-charge layer is formed due to the lower Li-concentration in the graphite bulk.

In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, it is shown that at the LATP-graphite interface the thickness of the space-charge layer is smaller compared to the LLZO-graphite interface. The lower maximum Li concentration in LATP in combination with its lower permittivity, compared to LLZO, makes it energetically more expensive to change the Li-concentration in LATP, leading to a smaller space-charge layer in the graphite.

![Lithium concentration at the LATP-graphite interface at different voltages for graphite: blue = 0.1 V (Li~0.9~C~6~), green = 0.15 V (Li~0.5~C~6~), and red = 0.2 V (Li~0.1~C~6~). Where the lines end, the bulk lithium concentration is reached.](ae-2018-01141g_0004){#fig4}

The larger Coulomb interaction in LATP in combination with the small change in graphite voltage causes the amount of Li-ions transferring over the interface to be almost equal in all three cases, as demonstrated by the nearly overlapping Li-concentration profiles in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. In the graphite, the space-charge layer changes considerably with voltage because of the large changes in bulk Li-concentration with voltage. When graphite is at 0.1 V, the Li-concentration is large and Li-ions can easily be extracted, leading to a space-charge layer of 0.4 nm. At higher voltages the Li-concentration in graphite is much lower, and extraction of the same amount of Li-ions leads to a thicker space-charge layer, growing to 0.8 nm when the graphite is at 0.2 V.

In [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} the interface capacitances and resistances at the graphite interfaces are shown. In both cases the capacitance increases upon lowering the graphite voltage, because the voltage difference increases, it thus becomes more favorable for Li-ions to migrate toward the solid electrolyte.

###### Space-Charge Layer Capacitance and Resistance at the Graphite-Solid Electrolyte Interfaces

           LATP   LLZO        
  -------- ------ ------ ---- ----
  0.2 V    8      15     9    29
  0.15 V   11     4      16   10
  0.1 V    12     2      19   6

In all the presented cases the interface resistance is in the order of 10^--1^ Ω cm^2^, even though there is always a Li-depleted layer present in the graphite. Although the resistance shows a significant increase when the thickness of the Li-depletion layer increases, in comparison to the Li-depleted layer at LATP--LLZO interface, it has a small effect. This can be explained by the high Li-diffusivity in graphite at low Li-concentrations ([eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"}), while the Li-diffusivity drops dramatically in the solid electrolytes at low Li-concentrations ([eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"}). As a result the formation of a layer depleted of Li-ions leads to a large interface resistance in LATP, while in graphite the interface resistance remains small. This shows that the resistance caused by space-charge layers strongly depends on the diffusion mechanism, as has been shown experimentally.^[@ref31],[@ref35]^

3.3. Impact of Coulomb Interaction {#sec3.3}
----------------------------------

As discussed, the high defect concentrations in the space-charge layer of ASSBs implies that the Coulomb interaction between defects must be taken into account. To demonstrate the impact of the Coulomb interaction Li-concentration profiles with and without taking the Coulomb interaction into account are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} for the LCO--LLZO interface at 4.3 V. Without the Coulomb interaction a steeper and larger change in lithium concentration is predicted, similar to the results of previous models.^[@ref25],[@ref26]^ This results in a layer which is completely depleted of Li-ions in the solid electrolyte, a thicker space-charge layer in the LCO, and a larger region in which the maximum lithium concentration is reached.

![Lithium concentration at the LCO--LLZO interface at 4.3 V with and without Coulomb interactions. Where the lines end the bulk lithium concentration is reached.](ae-2018-01141g_0005){#fig5}

By neglecting the Coulomb interaction between Li-defects the thickness of the interface layer is almost doubled. In comparison to the results with the Coulomb interaction in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} the interface capacitance increases almost 2-fold to 90 μF/cm^2^, and the interface resistance increases by 2 orders of magnitude to 2 Ω cm^2^, caused by the low Li-conductivity in the LLZO layer depleted of lithium ions. Neglecting the Coulomb interaction thus has a significant impact on the space-charge layer and its properties, and this demonstrates that the Coulomb interactions between Li-defects cannot be neglected when describing space-charge layers and their effects in ASSBs.

4. Discussion {#sec4}
=============

The presented space-charge model for electrode-solid electrolyte interfaces in ASSBs indicates that the space-charge layer has a thickness in the order of one nanometer, consistent with previous models^[@ref25],[@ref26]^ and experiments.^[@ref15],[@ref16]^ The resistance, capacitance, and thickness of the space-charge layer are shown to strongly depend on the electrode-solid electrolyte combination and electrode voltage. Taking the Coulomb interaction between defects into account is shown to have a significant effect. It severely reduces the amount of Li-defects formed in the space-charge layer, which in turn leads to a smaller interface capacitance. Comparing the calculations with and without the Coulomb interaction shows that it also has a large effect on the calculated interface resistance.

It should be realized that the current approach has a number of uncertainties. First of all, the Coulomb interaction energy term used here is based on the lattice energy of the crystal times the average distance between Li-defects, giving only a rough approximation of the interactions between charged defects. At high defect concentrations, this approach might also break down when other effects, such as the transfer of electrons over the interface to reduce the Coulomb repulsion, might become more favorable as further increasing the ionic defect concentration.

Furthermore, a simple relation between ionic diffusion and ion concentration ([eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"}) was used to calculate the resistance. As shown by Kozinsky et al.^[@ref66]^ the ionic conduction in a solid electrolyte can strongly vary with ion concentration, which influences the resistance over the space-charge layer. Implementing more complex equations to describe the ionic diffusion with changing ion concentration might therefore be necessary to improve the description of the space-charge resistance.

The space-charge model indicates that the Li-concentration in the solid electrolyte can change by 100% at the interface. With such large changes in Li-concentration, it is unlikely that the solid electrolyte retains its original structure and properties. On the other hand, the model suggests that the changes in Li-concentration only occur in the first few atomic layers at the interface, whose structure may be stabilized by the underlying bulk crystal. In addition, the permittivity of the materials will depend on the Li-concentration, which has not been accounted for. Nevertheless, we believe that the presently used approximations allow a prediction that results in space-charge layer properties in the correct order of magnitude.

A comparison between experimental results^[@ref4],[@ref14]^ and the model shows large differences in the interface resistance for most cases. Although the LCO-LATP interface at 4.3 V shows a similar interface resistance compared to experiments, in the other cases the differences are most likely caused by the approximation of a perfect and stable interface in the model, which is unlikely to hold for real interfaces.

At the moment electrode and solid electrolyte are brought into contact the high ionic conductivity will cause a transfer of ions over the interface within seconds. This is likely to cause a topotactic phase transition, for which indications have been found experimentally.^[@ref11]^ This will be the starting point of solid electrolyte decomposition, although it is unlikely that the phase formed via the topotactic transition is the thermodynamically most stable phase. More stable phases are likely to form,^[@ref11]^ and even though their growth is kinetically limited^[@ref67]^ experiments have been able to observe these phases grow within a day.^[@ref68],[@ref69]^ Extrapolation of the decomposition rate for Li~10~GeP~2~S~12~ (LGPS) shows an expected thickness of the decomposition layer of 370 nm after one year.^[@ref68]^ But this is without considering the effects of cycling the battery, which will lead to further growth of the decomposition layer.^[@ref70]^ In this decomposition layer different phases with differing potentials can occur, thus explaining experimental observations of potential drops at the interface spread out over roughly a micrometer.^[@ref12],[@ref13]^ Especially considering the results of the model presented here, the potential drop over the decomposition layer seems to be a more plausible explanation of the experimental observations than a space-charge layer of a micrometer.

The current results also shed light on the effect of coatings at the electrode--electrolyte interfaces. Since the space-charge layers are on the scale of a nanometer, it is unlikely that they improve battery performance by reducing space-charge effects, as has been suggested,^[@ref16],[@ref19]−[@ref21]^ although space-charge layers can become smaller when applying coatings.^[@ref71]^ Instead, the prediction that space-charge layers are small in extend supports the suggestion that coatings improve the performance of ASSBs by preventing interface decomposition of the electrode and electrolyte,^[@ref22]−[@ref24]^ which underlines that creating a stable electrode--electrolyte interface is essential for creating high-rate ASSBs.

The formation of decomposition products on the electrode--electrolyte interface changes the properties of the materials on the interfaces, new phases might be formed, and the presented space-charge model breaks down. Incorporating the effects of the instability at the interfaces requires the determination of all the relevant parameters for the newly formed phases, which may be an important next step for modeling specific electrode-solid electrolyte interfaces when sufficient data is available.

The nanometer scale of space-charge layers implicates that these will only form when the electrode and solid electrolyte are in contact with each other on the atomic scale, which is essential for charge-transfer over the interface. The space-charge capacitance can thus be used as a measure for the amount of contact area between solid electrolyte and electrode on the atomic scale, which is an important parameter for increasing the performance for ASSB's.

Here, we have shown results for a number of electrode and solid electrolyte combinations, but we have not studied the important class of sulfide solid electrolytes. Since the ion concentration, potential, and dielectric constant are not vastly different between oxide and sulfide solid electrolytes, we expect space-charge layers in the order of a nanometer. But the effects caused by the space-charge layer could be quite different, for example if thick Li-depleted layers cause a large resistance over the space-charge layer. Applying the model to other electrode and solid electrolyte materials would, therefore, be an interesting path for future research.

5. Conclusion {#sec5}
=============

The space-charge effect in all-solid-state-batteries is shown to lead to space-charge layers with a thickness in the nanometer regime, causing resistances below one Ω cm^2^ at the interfaces investigated, thus having a negligible effect on the performance of ASSBs. A significant increase to the interface resistance is only expected to occur when the solid electrolyte becomes completely depleted of Li-ions in the space-charge layer.

These results suggest that space-charge layers do not stand in the way of high-rate all-solid-state batteries. Instead formation of poorly conducting decomposition products, as well as small contact areas are expected to induce the large interface resistances observed experimentally.

Furthermore, the Li-concentration in the space-charge layer can change by 100%, although it strongly depends on the combination of materials and the electrode voltage. Taking Coulomb interactions between charged defects into account is shown to have a large impact and, therefore, appears to be essential for a correct description of space-charge layers and their effects in ASSBs.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsaem.8b01141](http://pubs.acs.org/doi/abs/10.1021/acsaem.8b01141).Matlab code of the model in combination with a short manual on how to apply the code to model space-charge layers in other materials ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01141/suppl_file/ae8b01141_si_001.zip))
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